Observations of several protostellar jets show systematic differences in radial velocity transverse to the jet propagation direction, which have been interpreted as evidence of rotation in the jets. In this paper we discuss the origin of these velocity shifts, and show that they could be originated by rotation in the flow, or by side to side asymmetries in the shock velocity, which could be due to asymmetries in the jet ejection velocity/density or in the ambient medium. For typical poloidal jet velocities (∼ 100 − 200 km s −1 ), an asymmetry 10% can produce velocity shifts comparable to those observed. We also present three dimensional numerical simulations of rotating, precessing and asymmetric jets, and show that, even though for a given jet there is a clear degeneracy between these effects, a statistical analysis of jets with different inclination angles can help to distinguish between the alternative origins of transverse velocity shifts. Our analysis indicate that side to side velocities asymmetries could represent an important contribution to transverse velocity shifts, being the most important contributor for large jet inclination angles (with respect the the plane of the sky), and can not be neglected when interpreting the observations.
INTRODUCTION
Astrophysical jets can be found in a variety of physical scales, energies and environments. For instance, planetary nebulae, cataclysmic variables, neutron stars and supernovae sometimes show bipolar jets (e.g., Livio 1999). In active galactic nuclei, we can see accretion powered jets emanating from the central engine (Yuan & Narayan 2014) . In star forming regions, jets are ubiquitous and can be found associated with young stellar objects ranging from brown dwarfs to high mass stars (e.g., Li et al. 2014) .
Star forming regions like Orion and Taurus show a wealth of protostellar jets. For more than sixty years they have been studied observationally, theoretically and, more recently, numerically. These different approaches allowed to conclude that protostellar jets are also accretion powered collimated outflows, ejected episodically from the inner part of the accretion disks with the help of a magnetic field. Supersonic variations in the ejection velocity produce Herbig-Haro (HH) objects as emitting post-shock cooling regions (e.g., Reipurth & Bally 2001) .
Some of the HH objects have a knotty structure, while other have a bow-shaped form. It is still a matter of debate whether there is a contribution of a collimated stellar wind component, or a broad, non-collimated disk wind component, and if the ejections are periodic or not. Also, jets launched from the accretion disks are believed to rotate (e.g., Ferreira et al. 2006) . If measured, the rotation of the jet with respect to its axis would give an es-timation of the amount of angular momentum extracted from the star-disk system. This is a key parameter that can be used to understand the origin of protostellar jets, and might also help to understand the general mechanism responsible for the production of astrophysical jets at different scales.
Recent observations of HH jets show transverse velocity shifts in several emission lines. Davis et al. (2000) first observed a shift in the H 2 lines for the molecular jet HH 212. Bacciotti et al. (2002) observed the DG Tau micro-jet, much closer to the central source and in atomic lines, finding a similar shift in several emission lines. Other authors observed later a larger sample of objects getting similar results : Woitas et al (2005) , Coffey et al. (2004 Coffey et al. ( , 2007 Coffey et al. ( , 2012 for class II objects, Chrysostomou et al. (2008) for Class I objects and Lee et al. (2007 Lee et al. ( , 2008 ; Choi et al. (2011); Coffey et al. (2011) for class 0 (or 0/I) objects.
From these results, important consequences on the jet ejection mechanism have been inferred. Different models predict that jets are ejected from different regions of the disk. For instance, in the "X-wind" scenario the jet is ejected from the region of interaction between the protostar's magnetosphere and the disk (Shu et al. 2000) , while in the "disk-wind scenario", the jet is magnetocentrifugally ejected from an extended portion of the disk surface (Blandford & Payne 1982) .
If interpreted as rotation, observations imply a range of ejection radii around ∼ 1 AU (e.g. Ferreira et al. 2006) , therefore excluding the X-wind as possible mechanism for the jet ejection, and favoring the disk-wind scenario. On the other side, recently Lee et al. (2008) determined wind launching radii 0.05 − 0.30 AU, consistent with the X-wind model (Shu et al. 2000) 4 . In agreement with the rotation interpretation of the data, jet and counter-jet rotate in the same sense in the Th 28 and RW Aur jets. In both cases, nevertheless, the sense of rotation observed in the disk and the jet are opposite Louvet et al. 2016) . In other cases the observations did not detect any rotation given the limits of resolution of the observations (HH 30 in Pety et al. 2006 and Coffey et al. 2007 , HH 212 in Codella et al. 2004 , RY Tau in Coffey et al. 2015 . Puzzling, recent near-UV observations (Coffey et al. 2012 ) of the RW Aur jet showed velocity shifts which, if interpreted as rotation, give a sense of rotation consistent with that of the disk (but opposite with respect to previous optical observations), which were not detectable anymore in following-up near-UV observations six months later at levels above the limiting resolution of the observations (Coffey et al. 2012) .
While most of the studies have interpreted the presence of velocity shifts as due to the rotation of the jet material, a few works have studied alternative mechanisms. Cerqueira et al. (2006, hereafter CER06) , using numerical simulations, showed that jet precession may lead to velocity shifts similar to those observed, while Soker (2005) proposed disk asymmetries as a possible alternative mechanism. Among the observed T Tau jets with velocity shifts, DG Tau has observed precession Lavalley-Fouquet et al. 2000) and the model developed by CER06 may be applied to this jet. Launhardt et al. (2009) have also inferred, through radio observations, that the molecular outflow associated with a T-Tauri star in the CB 26 Bok globule (in TaurusAurigae) is rotating. They have suggested that the outflow is also precessing. For these cases, it seems plausible that the effects of precession should be carefully taken into account when considering radial velocity shifts as a fiducial evaluation for jet rotation.
More recently, Pech et al. (2012) investigated the origin of the radial velocity shift (of the order of 2 km s −1 ) observed in the HH 797 outflow. In order to explain the observed data, they have considered both precession and rotation, concluding that rotation may probably account for the shifts. It seems at a first glance, however, that the HH 797 jet is precessing, as it is suggested by the wiggling of the outflow far from the driving source (see Figure 1 in Pech et al. 2012) .
In this paper we critically analyze the key hypothesis done implicitly when interpreting the observed velocity shifts as rotation: the absence of side to side (i.e., with respect to the jet axis) velocity asymmetries. In particular, we will show analytically (Section 2) and by numerical models (Section 3) that the presence of velocity asymmetries may generate effects resembling those observed, i.e., that there is a degeneracy between toroidal and asymmetric poloidal velocities, which can be disentangled only by a statistical analysis of a large sample of HH jets. In Section 4 we discuss the results, and in Section 5 we draw our conclusion.
servations in different papers is mainly due to different poloidal terminal velocity used for the jet/outflow. The higher the poloidal velocity, the smaller the inner radius, as discussed in Ferreira et al. (2006) . Bacciotti et al. (2002) for instance have used vp = 80 km s −1 for the DG Tau jet, while Lee et al. (2008) have used vp ∼ 100 − 200 km s −1 for HH 212 molecular outflow, and they have found r 0 ∼ 1 AU and r 0 < 0.3 AU, respectively. 
THE ORIGIN OF TRANSVERSE VELOCITY SHIFTS IN HH JETS
Observations of transverse velocity shifts (TVS) are commonly interpreted as evidence of jet rotation. This is valid as long as the dominant component in the radial velocity is the rotation velocity. All the previous observational efforts done in order to estimate the TVS are based on the assumption that the jet velocity is symmetric across the jet radius, and that the TVS are only due to the presence of a given rotational profile. Nevertheless, the poloidal jet velocity, which can have a large variability even for a given jet (Ferreira et al. 2006) , is a key point to infer (from the observational point of view; see, for instance, Bacciotti et al. 2002 ) the region at the surface of the accretion disk where the outflow is actually produced/launched.
A Herbig-Haro jet has a typical poloidal velocity of 100-200 km s −1 (Reipurth & Bally 2001) . The presence of a side to side (with respect to the jet axis) gradient in the jet velocity (hereafter, a "velocity asymmetry") can also contribute to the observed TVS. To better illustrate this point, in this section we will compute synthetic positionvelocity diagrams and, analyzing them similarly to how is done by observers, we will demonstrate that rotation and velocity asymmetries produce similar TVS. Then, we will show how it is possible to understand the origin of TVS by a statistical analysis of the existing data.
We consider a jet moving along the z-axis with velocity v z and rotating around the z-axis with velocity v φ (see figure 1 ). Assuming for simplicity that the jet physical parameters (i.e., jet density, temperature, velocity and chemical composition) are independent of z, the radial velocity v r (along the line of sight) of a fluid element P is given by
where θ is the inclination angle of the jet with respect to the plane of the sky, φ is the angle between the segment connecting P with the jet axis and the y-axis, r is the distance from P to the jet axis, and y = r cos φ (see figure  1 ).
The emission line intensity per unit velocity I(y, v), observed at a certain distance y from the jet axis, can be computed by integrating the emission coefficient per unit velocity i(r, v) along the line of sight, i.e. by solving the "Abel transform"
5 :
We assume that the emission coefficient per unit velocity i(r, v) is related to the emission coefficient i(r) by 
We assume a Gaussian dependence for the emissivity i(r) ∝ exp(−r/r 0 ) 2 and a keplerian rotation velocity v φ = v φ,0 (r/r 0 ) −1/2 (with v φ = v φ,0 (r/r 0 ) for r < r 0 to avoid an infinity at r = 0). The jet velocity v z is in general a complicated function of r, y, φ, e.g. a decreasing function of r and/or asymmetric with respect to y and φ. To focus only on the effects of asymmetries with respect to the main axis of the jet (projected in the plane of the sky) we take a simple jet velocity given by a modified "top-hat" profile, i.e. v z = v z,0 (1−∆v z,0 x/R j ), being R j = 1 the jet radius. Other velocity and intensity profiles will give similar (at least qualitatively) results.
We use equation 4 to compute synthetic positionvelocity (PV) diagrams. From the PV diagrams we extract intensity profiles at positions symmetric with respect to the jet axis. A systematic gradient in the transverse Doppler profile is what is usually interpreted as rotation in the observations. Figure 2 shows intensity profiles at y = ± 0.5 R j , for a rotating jet with v φ,0 = 200 km s −1 , r 0 = 0.001 (corresponding to v φ = 9 km s −1 at r = 0.5 R j , consistent with the toroidal velocity estimated by Coffey et al. 2007 ), ∆v z,0 = 0 (left panels), and for a jet with side to side velocity asymmetries with ∆v z,0 = 0.1, v φ,0 = 0 (right panels). The poloidal jet velocity is equal to v z0 = 200 km s −1 in both cases. Figure 2 shows that unless the jet inclination angle is θ ≈ 0
• or θ ≈ 90
• , rotation and velocity asymmetries both contribute to the radial velocity shift. Therefore, observations of radial velocity shifts in a jet do not allow to determine with precision the amount of rotation and velocity asymmetry present in the jet, unless the jet is moving nearly in the plane of the sky. Figure 2 also shows that the TVS produced by rotation and velocity asymmetry strongly depend on the jet inclination angle. In fact, the velocity gradient between two fluid elements located at positions symmetric with respect to the jet axis (i.e. at φ = 0, y = y 0 and y = −y 0 ) is given (see equation 1) by:
where
is the transverse gradient of the jet velocity. If the jet is nearly axisymmetric, ∆v z v φ . In this case ∆v r ∼ 2v φ cos θ, and ∆v r decreases for larger jet inclination angles. If, on the other side, the transverse velocity shift is mainly due to side to side asymmetries in the poloidal component of the jet velocity (∆v z v φ ), ∆v r ∼ ∆v z sin θ and ∆v r increases with the inclination angle of the jet.
In general we do not know a priori which velocity component dominates the radial velocity, but we can estimate the relative importance of v φ vs. ∆v z by considering jets at different inclination angles, as rotation (if present) will dominate the observed velocity shifts at small inclination angles (i.e., ∆v r ∝ v φ if θ ∆v z /v φ , see equation 5), and velocity asymmetries (if present) will dominate the velocity shifts at large inclination angles (i.e., ∆v r ∝ ∆v z if θ v φ /∆v z ). Let us consider existing data of TVS determined observationally for atomic lines. The observations were presented by Coffey et al. (2004) and Coffey et al. (2007) and include the CW Tau, DG Tau, HH 30, RW Aur and • (RW Aur), 52
• (DG Tau). To estimate the relative importance of v φ and ∆v z , we computed, for each jet (see Table 1 ), the averages of the transverse velocity shifts measured at different distances from the jet axis by Coffey et al. (2004, Coffey et al. (2004 Coffey et al. ( , 2007 are not included as they are observed in a more limited number of jets.
In Figure 3 we show the transverse velocity shift ∆v r as a function of the jet inclination angle for these protostellar jets and the [O I] and [N II] emission lines. The other two lines considered do not show any measurable TVS (see Table 1 ). For each emission line, we fit the data by using equation 5. To estimate the accuracy of the fit we have computed the parameter Q, which is the probability that, given the fit to the data, data with Gaussian noise (assumed here to be 5 km s −1 ) have a χ 2 larger than the one determined in the fit. Values of Q 1 indicates an acceptable fit, while smaller values (Q ≈ 0) indicate that the fit is poor.
The results are the following: for a purely rotating jet, ∆v r = 2v φ cos θ, with v φ = 6.9 ± 1.6 km s and ∆v z ∼ 15 km s −1 . Although this result should be taken carefully because of the low statistics and the approximations used (e.g., we are assuming that v φ and ∆v z are the same for all jets, and this is not necessarily true), it seems to indicate that velocity asymmetries are an important component of the velocity shifts, dominant for jets with "large" inclination angles (θ arctan(2v φ /∆v z ), see equation 5). When the jet inclination is considered, different shock regions, located at different positions z along the direction of propagation of the jet, contribute to the radial velocity. In this Section, we will use three dimensional numerical simulations of protostellar jets to take in account multi-dimensional effects neglected in Section 2.
NUMERICAL SIMULATIONS
We have used the Yguazú-a code to simulate jets in three-dimensions. The Yguazú-a is an adaptive grid code that uses a flux vector splitting scheme (see van Albada, van Leer & Roberts 1982) to evolve the equations of hydrodynamics. At each time step, the code integrates a system of rate equations for 17 atomic/ionic species, namely: H I, H II, He I, He II, He III, C II, C III, C IV,
A non-equilibrium cooling function is then calculated. The detailed reaction equations as well as the cooling function are given in Raga, Navarro-González & Villagrán-Muniz (2000); Raga et al. (2007) .
The number of cells in the computational box is (x, y, z) = (128, 128, 512) . Each cell has a physical dimension of 8.59×10
13 cm, or 5.7 AU, for all the three dimensions (in a Cartesian coordinate system). A jet with a radius of R j = 37.4 AU 7 is injected from the xy plane at z = 0 (see Figure 1) , and propagates in the positive z direction. The jet to ambient medium density ratio is given initially by n = n j /n a = 10, where n j = 1 000 cm −3 . The initial jet ionization fraction of H is 0.1. The jet temperature is T j = 10 4 K, and the ambient medium temperature is T a = 10 3 K. The initial setup is equivalent to the one employed in CER06.
We present here the results from four different numerical simulations, differing for the presence (or not) of rotation, precession and side to side velocity asymmetry (see Table 2 ). The baseline jet velocity (in the z direction) is the same for all the models: 300 km s −1 . Model M1 does not have rotation while the others do have. The model M4 has also a precession (see below). All models have a 7 This value for the jet radius is suggested by the observations of DG Tau micro-jet presented by Bacciotti et al (2001) , who placed seven slits across the jet axis, separated by a distance of ∼ 10 AU to cover all the emitting region. This gives a jet diameter estimative of ∼ 60 AU, and then R j ∼ 30 AU.
The simulated models sinusoidally variable jet velocity (along the z direction):
where V 0 = 300 km s −1 , A = 0.33 and P = 8 yr (these parameters are chosen to reproduce the velocity structure of the DG Tau micro-jet; Dougados et al. 2000; . Models M2, M3 and M4 have f (y) = 0. This is the typical top-hat profile for the V z adopted in several numerical studies of jets. The model M1 has f (y) = 0.025 sign(y), where sign(y) is a function that returns the sign of the y coordinate in the computational domain. This implies that at any time step ∆V z (t) = 0.05 V j (t) in the yz plane. We could expect, then, a maximum side to side jet asymmetry of ∆V z = 20 km s −1 . We are artificially introducing an asymmetry between both sides of the jet axis in the jet velocity, without arguing about its nature. Although quite speculative, this model will serve to illustrate what can actually occur if a jet has, for some reason, a side to side asymmetry in shock velocities.
M2, M3 and M4 are rotating jet models with different rotational velocity profiles (V φ = V 2 x + V 2 y ). In model M2 v φ is given by:
so the rotational velocity will fluctuate in time with values ranging from 5 and 10 km s −1 (it is constant through the jet cross section). The model M3 is the same model that we have presented in CER06. For this case:
where r = x 2 + y 2 . As in CER06, profile has been truncated at R = 0.15R j . The toroidal velocity ranges then from V φ = 55 km s −1 to 8 km s −1 at the jet radius (see also Cerqueira & de Gouveia Dal Pino 2004) . The model M4 is similar to M3, but the jet is actually precessing with a half opening angle of 5
• and with a precessional period of τ prec = 8 years.
The strategy that we have used here in order to build the synthetic slits, the synthetic line profiles and to analyze the line profile in terms of its components (low-, medium-and high-velocity component) is the same that we have presented in CER06. Firstly, we calculate the emission coefficients for the [O I] and [S II] emission lines (Raga et al. 2004) . To build velocity channel maps (VCM) for a given radial velocity V r , the local emissivity is smeared out (in radial velocity, or wavelength) using a Gaussian profile. The broadening of the line profile is estimated using the characteristic sampling (we use ∆V r = 10 km s −1 ) of our VCMs and the local sound speed, c s . We then define the local dispersion of the line profile as σ = ∆V 2 r + c 2 s . To build the line profiles we need to define an artificial slit, which depends on the position in the VCMs, and we need to project our computational box on the plane of the sky. The radial velocity is then the projection of the velocity at a given cell along the line of sight, which can make an arbitrary angle with the x−axis. Increasing the inclinations angles will shift the profiles to increasingly negative radial velocities.
In all models the VCMs were built first for the raw data and then convolved with a profile in order to mimics the instrumental effect on the data. For the convolution procedure we have assumed a Gaussian profile, that goes to zero at 3 pixels of distance from a given point in the map.
At the distance of DG Tau, for instance, this corresponds to a point-spread function of 0.1 arcsec (of FWHM).
The spectra extraction procedure has been already presented in CER06 and is described in detail in the Appendix. Briefly, we define four different regions along the jet axis, and near the jet inlet. These regions have a superposition of one cell along the jet propagation direction. For each one of these regions, we define a 3 × 3 square region for which a mean spectra is taken (i.e., we sum up nine spectra to increase the signal). To build up the line profile, we use VCM from -400 km s −1 to 100 km s −1 , with a 10 km s −1 sampling. We did the same procedure for different inclination angles, namely, 0, 10, 20, 30, 40 and 50 degrees. The convolution procedure and the differences in the inclination angles, as well as the presentation of new models (M1 and M2) is the main difference of these results when compared with those presented in CER06.
In Figure 4 we show the radial velocity shift for model M1, taking into account the [S II] and [O I] emission lines. The dispersion around the mean value is also plotted as vertical, error bars. The results for the non-rotating M1 model in Figure 4 is compared with the functions 20 sin θ and 10 sin θ. They are consistent with a sinusoidal fit, with different amplitudes for the different emission lines.
In Figure 5 we show the same result for the (rotating) M2 model. Now the data are compared with the function 15 cos θ. They are consistent with a cosine trend, although slightly below it (for the chosen value of 15 km s −1 for the amplitude of the oscillation) except at large jet inclination angles. The same behavior is also seen for the M3 model (see Figure 6) . A comparison between figure 5 and figure 6 also shows that the result is nearly independent (at least qualitatively) from the particular dependence of the rotation velocity with radius considered. In Figure 7 we show the difference in the radial velocity for the M4 (rotating and precessing model) as a function of the inclination angle. Depicted also in this figure is the cosine function (for the sake of comparison).
Figures 5-7 all show an appreciable TVS. These results are in agreement with those presented by CER06, since their M2 and M4 models are the same as the ones in the present paper. Although less evident, we should note that Smith & Rosen (2007) have also found some TVS in their precession model of molecular jet (see their Figure 14, Regions III and IV) . Furthermore, the rotating models discussed in Smith & Rosen (2007) and CER06 display signatures for rotation in the TVS analysis that are not precisely equivalent. In this case, however, the initial rotational profile seems to be at the origin of the differences reported, as has been pointed out by Smith & Rosen (2007) , and the results obtained by both are consistent with the expected ones taken into account their adopted initial rotational profiles.
DISCUSSION
In this paper, we analyze the origin of velocity shifts observed in protostellar jets. Three-dimensional numerical simulations presented in section 3 confirm the results of section 2: radial velocity shifts strongly depend on the jet inclination angle and scale with respect to rotation as ∼ cos θ and side to side velocity asymmetries as ∼ sin θ.
An interesting difference between the results of the numerical simulations and the observations is the behavior Emission line intensities strongly depend on the jet density profile. The setup of our simulations considers the same abundance for a given atom (with respect to hydrogen) at the jet inlet. In addition, in the simulations presented in this paper we have followed the "standard" recipe of injecting a jet with a top-hat density profile while a "real" jet has a density profile larger on the jet axis (see, e.g., the electron density profile of the HH 30 jet reconstructed by tomographic techniques by De Colle et al. 2010) . Therefore, the adopted top-hat velocity and density profiles can actually affect a direct comparison with the observations.
One could think that the results presented in Section 2 depend strongly on the HH 30 data which, moving nearly in the plane of the sky and with very low values of ∆v r , favor a model with low rotation and large velocity asymmetry. This is actually not the case, as the results are not strongly dependent on the HH 30 data. In fact, a fit computed without including the HH 30 emission lines gives v φ = 5.1±0.7 km s −1 , ∆v z = 12.2±2.1 km s −1 , and Q = 0.96 for the [O I] line, and v φ = 5.8 ± 2.2 km s −1 , ∆v z = 4.2 ± 6.3 km s −1 , and Q = 0.40 for the [N II] line, then confirming that velocity asymmetries are an important component of the radial velocity shifts, at least at large jet inclination angles.
As a consequence, jets with low inclination angles should be preferentially used to properly infer the amount of rotation occurring in the velocity shifts. Among the jets considered here, HH 30 is nearly in the plane of the sky but, as mentioned above, does not show radial velocity shifts larger than the statistical error. Th 28 has a small inclination angle (θ ∼ 10
• ) with respect to the plane of the sky, and presents large velocity shifts.
As discussed in section 2, if a side to side spatial asymmetry is present in an emission line profile, it becomes very important to address the effect of the asymmetry (possibly due to an asymmetric shock) on the interpretation of the velocity shift as due to rotation.
In general large scale stellar jets are very asymmetric and irregular, while small scale jets exhibit some degree of symmetry. Several jets among those used to measure rotation in jets show asymmetries in the physical parameters. Coffey et al. (2008) , using data from STIS, determined the physical parameters (electron and hydrogen density, temperature, and ionization fraction) from PV diagrams in the red-shifted RW Tau and Th 28 jets, and in the blue-shifted DG Tau, HH 30 and CW Tau jets. Among these jets, Th 28, which, as mentioned above, is the most promising jet to infer rotation from radial velocity shift, presents a very clear side to side asymmetry in the electron density, while temperature and ionization fraction are nearly symmetric. The DG Tau jet presents also a strong asymmetry in the electron density, while HH 30 and RW Aur are nearly symmetric (at least, at the position where the slit is located and with the resolution of STIS). For the Th 28 and DG Tau jets, the more obvious explanation for the origin of the asymmetry in the electron and total density is the existence of an asymmetry in the jet velocity.
Several processes, which can create asymmetries in the jet, have been extensively studied, mainly theoretically. They can be of "internal" origin, i.e. due to a nonsymmetric injection velocity from the star disk system (e.g., Soker 2005) or of "external" origin, i.e. due to the jet environment, originated for instance by hydrodynamics of magnetohydrodynamics instabilities (e.g., "kink" modes), by lateral gradients in the density of a stratified interstellar medium (e.g., Canto & Raga 1996) , the presence of photoionization (Bally et al. 2006; Masciadri & Raga 2001a ), a wind on one side of the jet (e.g., Canto & Raga 1995; Masciadri & Raga 2001b; Ciardi et al. 2008) , or, in general, the motion of the source with respect to the environment. For example, the HH 30 jet shows a small bending from distances of order of 400 AU from the central source (Anglada et al. 2007) . As the effect needed to explain the observed velocity shift is quite small (∼ 10% of the observed poloidal jet velocity), the required amount of asymmetry is often smaller than the one discussed in the cited papers.
Several authors (e.g., Anderson et al. 2003; Ferreira et al. 2006; Pesenti et al. 2004 ) have considered, from the observation of transverse shifts, the implications on the jet ejection models, showing that the observation are consistent with the disk-wind ejection mode. Our results imply that jet rotation, if present, is probably smaller than the values inferred by previous authors. That does not imply necessarily that the rotation at the base of the jet is small. Shocks, jet expansion, entrainment, can all potentially lead to a "loss of memory" of the material with respect to the original rotation, as discussed for instance by Fendt (2011) for magnetohydrodynamics shocks in a helical magnetic field. Recent numerical simulations (Staff et al. 2015) showed that the signature of rotation in the jet can be even non-Keplerian, which means that the signature showed by RW Aur, in which the jet seems to rotate in the sense contrary to the disk rotation can, in fact, occur. This pose an additional difficulty, in our view, to interpret side to side differences in radial velocity as rotation, since we need to trace back the phase of the torsional Alfvèn wave that is actually producing the outflow at a given point in the jet.
Observations of molecular jets in some cases also show small velocity shifts ( a few km s −1 ) which can be interpreted as jet rotation. Although in this paper we have limited our analysis to atomic jets, our conclusions are also applicable to molecular jets, where the rotation features are observed at larger distances from the disk-star system (both along and across the jet axis), i.e. at the "edge" of the jet, where the interaction with the environment is expected to be more important. Zapata et al. (2015) have recently suggested that observed TVS could be originated by rotation of the entrained material.
CONCLUSION
In this paper, we have discussed the uncertainties present when interpreting as rotation the velocity shifts observed in atomic protostellar jets. We have shown that asymmetric shocks, possibly produced as the results of the interaction with the environment or by asymmetries in the ejection velocity from the disk-star system, may produce effects similar to those produced by rotation. We have also quantified, analytically and by detailed numerical simulations, how in jets with large inclination angles transverse velocity shifts may be dominated by jet asymmetries, while rotation, if present, should dominate in jets with low inclination angles.
The main uncertainties in this study reside in the low statistics existing in our analysis (only six jets) and on the fact that we are assuming that rotation and velocity asymmetry are the same for all jets. The analysis presented here does not pretend to be complete, as other factors (e.g., the agreement between the sense of rotation of jet and disk, the poloidal extension of the region showing velocity shifts) should be considered when analyzing the observed TVS. Nevertheless, by analyzing existing data of a limited sample of atomic protostellar jets, we have clearly shown that velocity asymmetries (whatever is their origin) seem to play a very important role in determining the amount of transverse velocity shift present in protostellar jets.
Our results imply that only a detailed modeling of the observations, which include all the effects that can potentially play a role in generating velocity shift, combined possibly with numerical simulations or with novel analysis of the data (e.g., the principal component analysis suggested by Cerqueira et al. 2015) , should be used to properly determine the presence of rotation. Additionally, the study of rotation has to proceed carefully in jets that present clear side-to-side asymmetries in line emissivity profiles or in the physical parameters. Jets with low inclination angles and without large asymmetries (e.g., HH 30) are the ideal candidate to be used to determine an upper limit on the rotation, the angular momentum transfer, and, from there, help distinguishing among different jet ejection models.
Our results do now imply that there is not rotation in protostellar jets. On one side, the rotation can be smaller than expected and/or dominated by shock asymmetries. On the other side, magnetic shocks, jet expansion, entrainment, among other phenomena, all lead to a "loss of memory" of the initial rotation of the jet material as it expands to large distances from the jet ejection region.
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The extracted spectrum (black solid lines) can be seen in Figure 9 . The adjusted gaussians have also been plotted in Figure 9 (solid red and blue lines). It is clearly seen that the profiles change from slightly to highly asymmetrical, from the jet inlet (region I) towards the internal working surface (region IV). We can also see that the rotation changes the amplitude and velocity of the peak of the high-velocity component (see the shift in the peak positions in the profiles of Figure 9 ).
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